Jackson, Susank

From: Jackson, Susank

Sent: Thursday, February 06, 2014 5:24 PM

To: marc

Cc: Van Ness, Keith; Dolan, Mary; Symborski, Mark
Subject: Reply to your inquiry re Ten Mile Creek
Attachments: Davies and Jackson.pdf

I apologize for the delay in my response, back to back travel and meetings for past two weeks.

Based on the preliminary findings and perspectives from the experts working on the Biological Condition Gradient Model
for the Northern Piedmont, increasing the % impervious surface as proposed for watersheds such as the LSTM110
subshed will result in significant shifts in aquatic community composition and diminished % abundance of, if not loss, of
sensitive aquatic species.

A short while ago | sent to Keith Van Ness an updated summary of the Northern Piedmont Biological Condition Gradient
(BCG) expert meeting and status of the project. Mary Dolan and Mark Symborski were cced on this email. The update
summarizes preliminary findings from the expert workgroup that you may find of interest. Per my testimony before the
Council on January 17, one of the primary objectives of the BCG model is to help organize and communicate biological
information in a meaningful way.

I have also attached as FYI an article in the Ecoapplications journal on the BCG model and included the URL (below) for
biological assessment and criteria documents that you or your staff may find useful as background documents.

1) Biological assessment fact sheet on terms and definitions:
http:ﬂwater.epa.gov{scitechfswguidance/slandards/criteria/aqlife/biocriteria/uploadfprimer_factsheet.pdf

2) Biocriteria technical documents:
http://water.epa.gov/scitech/swguidance/standards/criteria/aqlife/biocriteria/technical_index.cfm

If you would like more detailed information on the biological criteria program in USEPA or the biological condition
gradient model, please contact me at any time. We look forward to continuing work with Montgomery County in the
development and quantification of the BCG model for streams in the Northern Piedmont region.

Susan Jackson
US EPA Biological Criteria Program

From: marc [mailto:marcx@yahoo.com)
Sent: Thursday, January 30, 2014 1:05 PM
To: Jackson, Susank

Subject: Ten Mile Creek

Good morning,

This is Councilmember Marc Elrich, fram the Montgomery County Council, and first of all, | wanted to thank you for your
testimony in front of our committees regarding Ten Mile Creek. | think that you have made a major contribution to our
discussion. We are now dealing with the land-use decisions and the struggle is how to find a balance that allows some

1



level of development without having severe impacts on the quality of the watershed and particularly the contributing
sub-watersheds. | understand that this is not an exact science and that it's hard to pin down a number for impervious
that either saves, or destroys, the streams, but there does seem to be a range that prudence might dictate that you stay
within, particularly for those sub-watersheds that are relatively untouched today.

With that in mind, and with the a realization that we have to allow what would be a reasonable level of economic use, a
few of us have been mulling a scenario that would look like this (Marlene is council staff on this):

We talked about lowering Pulte’s site imperviousness to a max of 6-7% which would lower the imperviousness on the
two watersheds, 110 and 111, to around 8%. These are currently the best sheds with only 1.6% and 1.2%
imperviousness respectively, but they are also 315 acres of Pulte's total 524 acres. It would also allow 8% on subshed
202 which is also in the very low category.

We accepted Marlene’s proposals on Egan, 15% imperviousness. Egan properties comprise about 100 acres and the two
sheds, 201 and 206, have about 4% and 16.6% imperviousness respectively.

We accepted Marlene’s proposal on Miles/Coppola for the 5.5 acre site and the 18.2 acre site that would result in 15%
imperviousness. This 100 acres within shed 206 which has the 16.6% imperviousness. Mile/Coppola currently has no
imperviousness on their 100 acres, there were two sites of 5.5 and 18 acres that were identified as likely to have little
impact on the streams and which DEP felt could stand some developement. The 5.5 acre site would get taller
commercial development while the 18 acre site would accommodate some clustered housing.

The effective drainage area is 2818 acres and the amount of impervious acres is 115 with a resulting 4.2% existing
imperviousness. (we just multiplied the 4.2*2818.)

Giving Pulte 6% imperviousness on their 524 acres would increase impervious acres by 31.44 acres. Hopefully this
lowers the subwatershed numbers to around 8%.

Egan properties goes to 15% and impervious acres increase by 15 acres.

Miles/Coppola goes to 15% and impervious acres increase by 15 acres.

All that said, the overall imperviousness would rise from 4.2% to either 6.3 % (if Pulte is limited to 6% imperviousness) or
6.6% if they are held to 8% on their property. So the question is, "Do we have a reasonable chance of at least
maintaining an "good" score for the Creek if we allow this level of development, understanding that it is unlikely that
reference stream status can be maintained?"

I would like your thoughts on that scenario, understanding that you can't speak with certainty, but perhaps speak about
the likelihood of different qualitative outcomes.

Again, | appreciate the work you did in presenting to us, and would really appreciate your thoughts as we approach a
decision point.

sincerely,

Marc Elrich
Councilmember at-large



The net effect would be to add 61.44 acres of development to the existing 115 acres for a new total of 176 acres of
development and an imperviousness of 6.3% over the full 2818.
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THE BIOLOGICAL CONDITION GRADIENT:
A DESCRIPTIVE MODEL FOR INTERPRETING
CHANGE IN AQUATIC ECOSYSTEMS

3 )
Susan P. Davies'™ anp Susan K. JAckson®

8 "Maine Department of Environmental Protection, State House Station 17, Augusta, Maine (04333 USA
“United States Environmental Protection Agency, 1200 Pennsyivania Avenue, Washington, D.C. 20460 USA

Abstract.  The United States Clean Water Act (CWA; 1972, and as amended, U.S. Code
title 33, sections 1251-1387) provides the long-term, national objective to “restore and
maintain the ... biological integrity of the Nation’s waters™ (section 1251). However. the Act
does not define the ecological components. or attributes, that constitute biological integrity
nor does it recommend scientific methods to measure the condition of aquatic biota. One way
to define biological intcgrity was described over 25 years ago as a balanced, integrated,
adaptive system. Since then a variety of different methods and indices have been designed and
applied by each state to quantify the biological condition of their waters. Because states in the
United States use different methods to determine biological condition, it is currently difficult
to determine if conditions vary across states or to combine state assessments to develop
regional or national assessments. A nationally applicable model that allows biological
condition to be interpreted independently of assessment methods will greatly assist the efforts
of environmental practitioners in the United States to (1) assess aquatic rcsources more
uniformly and directly and (2) communicate more clearly to the public both the current status
of aquatic resources and their potential for restoration.

To address this need, we proposc a descriptive model, the Biological Condition Gradient
(BCG) that describes how 10 ecological attributes change in response to increasing levels of
stressors. We divide this gradient of biological condition into six tiers uscful to water quality
scientists and managers. The model was tested by determining how consistently a regionally
diverse group of biologists assigned samples of macroinvertebrates or fish to the six tiers.
Thirty-three macroinvertebrate biologists concurred in 81% of their 54 assignments. Eleven
fish biologists concurred in 74% of their 58 assignments. These results support our contention
that the BCG represents aspects of biological condition common Lo existing assessment
methods. We believe the model is consistent with ecological theory and will provide a means to
make more consistent, ecologically relevant interpretations of the response of aquatic biota to
stressors and 1o better communicate this information to the public.

Key words:  aguatic ccosystems: Biological Condition Gradient; hiological integrity; hiological
monitoring: Clean Water Act; disturbance gradient; generalized stressor gradient; quantitative measures in
hiological assessment; stressors: tiered aquatie-life uses.

INTRODUCTION
Legislative context: the Clean Water Act

Environmental goals expressed in laws and policies
articulate the political will of societies to preserve and
restore valued aquatic resources. Two examples are the
objective of the United States Federal Water Pollution
Control Act or “Clean Water Act™ (CWA) (United
States Code title 33, sections 1251-1387) to “restorc and
maintain the chemical, physical and biological integrity

Manuscript received 14 October 2004: revised 18 August
2005; uccepted 21 August 2005: final version received 19
September 2005, Corresponding Editor: E. H. Stanley. FFor
reprints of this Invited Feature, see footnote 1. p. 1249,

* E-mail: susan.p.daviest@ maine.gov

of the Nation’s waters” and the objective of the
European Commission Water Framework Directive
(WFD: European Parliament 2000) to “restore and
maintain healthy aquatic ecosystems.” Scientists provide
the technical foundation for implementing environ-
mental laws and policies. They develop operational
definitions and methods that allow us to measure
aquatic resource condition directly, and hence, to attain
legislative, policy, and management goals. For example,
in both the United States and the European Union,
scientists are collaborating with resource managers to
strengthen the link between current scientific advances
and ecologically sound resource management. Such
collaboration enables us to better organize management
actions around ecological boundaries rather than
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political jurisdictions and to communicate with the
public about environmental conditions in a more
meaningful and consistent fashion.

This paper focuses on efforts in the United States,
guided by the CWA, to use biological assessments to
evaluate aquatic resource condition more uniformly and
directly, and to set protection and restoration goals for
aquatic life. The CWA integrity objective provides the
long-term ecological goal for U.S. water quality
programs but does not define the ecological compo-
nents. or attributes. that constitute biological integrity
nor does it recommend scientific methods to measure the
condition of aquatic biota. One way to define biological
integrity was described over 25 years ago (Frey 1977)
and has been refined to mean a balanced, integrated.
adaptive system having a full range of ecosystem
clements (genes, species, assemblages) and processes
{mutation, demographics, biotic interactions, nutrient
and energy dynamics, and metapopulation dynamics)
expected in areas with no or minimal human influence
(Karr and Dudley 1981, Karr and Chu 2000).

To help achieve the integrity objective, the CWA also
established, among other things. an interim goal for the
protection and propagation of fish, shellfish, and wildlife
(U.S. Code title 33, section 1251 (a) (2)). The interim
goal for aquatic life has been interpreted by the U.S.
Environmental Protection Agency (EPA) to include the
protection of the aquatic community, not just fish,
residing in or migrating through a waterbody (USEPA
1994). Under the CWA, States have the primary
authority for setting water quality goals to protect
aquatic life for their waterbodies. i.e.. designated
aquatic-life uses (U.S. Code title 33, section 1251 (b),
1313). The type of designated aquatic-life use (ALU)
assigned to a water body can vary. For example, salmon
spawning and recreational fisheries are two types of
ALUs. Additionally, with proper demonstration, states
may establish ALUs that are limited by lactors other
than natural condition, e.g.. water conveyances for
waterbodies that have been significantly altered by
concrete channelization.

Over the past 30 years states have independently
developed technical approaches to assess condition and
set ALUs specific to their own settings. This situation
has fostered innovative technical approaches, but it has
complicated the development of a nationally consistent
approach to interpreting the condition of aquatic
resources. A consistent approach to interpreting bio-
logical condition will allow scientists and the public to
more effectively evaluate the current and potential
conditions of specific waters and watersheds and use
that information to set appropriate ALUs. Assessment
results may be difficult to compare if quantitative
outcomes (i.c., index or indicator values) represent
different qualitative conditions. Additionally, without
a common interpretative framework, the use of different
methods can hinder collaboration among natural
resource agencies that have complementary missions.
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Growing frustration with the inability to communi-
cate cffectively about the ecological meaning and
management relevance of different quantitative mea-
sures of condition spurred our attempt to articulate the
conceptual underpinnings that are common to all
assessment methods. To help address this issue, we
propose a scientific model of biological response to
increasing effects of stressors, the “biological condition
gradient™ (BCG). The BCG encompasses the complete
range, or gradient, ol aquatic resource conditions from
natural, e.g., undisturbed or minimally disturbed con-
ditions, to severely altered conditions. It describes
changes in 10 ccological attributes along the gradient
causcd by increasing levels of stressors. We divide the
gradient into six condition tiers, with tier 1 representing
natural, or undisturbed conditions, and tier 6 represent-
ing severely altered conditions. The tiers describe the
ecological condition of the aquatic resource in terms of
how close a water body is to the natural state.

The ecological condition to support an ALU for a
specific waterbody can be described in terms of the BCG
tiers. For example, the ccological condition needed to
support salmon spawning corresponds with an excep-
tional, high-quality, natural stream and will be either a
tier 1 or 2 on the BCG. However, the ecological
conditions that support adult fish that are desirable for
a recreational fishery may span a broader range of
conditions, e.g., tiers 1-4. The ecological attributes that
characterize the BCG tiers can be measured with
methods used by cach state, and these condition
assessments can be directly linked to a state’s ALUs,
The BCG provides a rational and consistent means for
helping to determine appropriate ALUs in state water
quality standards and for assessing whether the stand-
ards are altained.

At present, the model applies best to permanent,
hard-bottom streams that are exposed to increases in
temperature, nutrients, and fine sediments. However, we
expect that with appropriate modifications, the model
will be applicable to other aquatic ecosystems and
stressors. By providing a common foundation for
comparing biological conditions, it should be possible
to communicate the ecological consequences of different
management choices more clearly to scientists, manag-
ers, and the public, even when condition is measured by
different methods.

Existing conceptual models of biological response
to increasing stress

Conceptual models formalize the state of knowledge
and guide research. Empirically-based generalizations
have led to conceptual models that describe the behavior
of biological systems under stress (Margalel 1963, 1981,
Odum et al. 1979, Karr and Dudley 1981, Rapport 1985,
Schindler 1987, Fausch et al. 1990, Brinkhurst 1993).
For example, Brinkhurst (1993:449) observed that
“Everyone knew (in 1929) that increases in numbers
and species could be related to mild pollution, that



August 2006

moderate pollution could produce changes in taxa so
that diversity remained similar but species composition
shifted, and that eventually species richness declined
abruptly and numbers of some tolerant forms increased
dramatically.” Such ecosystem responses to stress have
been portrayed as a progression of stages that occur in a
generally consistent pattern (Odum et al. 1979, Odum
1985, Rapport et al. 1985, Cairns and Pratt 1993).
Establishing scientifically credible and quantifiable
thresholds along that progression is a priority need for
resource managers (Cairns 1981).

Conceptual models of ecosystem response Lo stress
have been successfully used to develop resource manage-
ment strategies that emphasize preservation of impor-
tant ecological attributes. For example, Lubinski and
Theiling (1999) proposed multiple narrative criteria for
evaluating the ecosystem health of the Upper Mississippi
River. Lorentz ¢t al. (1997) proposed biotic and abiotic
indicators of river condition based on theoretical
concepts describing natural rivers. Conceptual models
of biological response to stressors have been legally
codified for management purposes in Maine and Ohio
(Courtemanch et al. 1989, Yoder and Rankin 1995q).
These states have incorporated multiple tiers of resource
quality in their water quality standards (State of Maine
2003, 2004, State of Ohio 2003, Davies et al. 1995). The
tiers describe both aquatic-life management goals, c.g.
designated aquatic life uses, and attainment criteria for
different types of water bodies.

For example, in Maine a water body is assigned to one
of four management tiers by considering both its
existing biological condition and its highest attainable
condition as determined by a public and legislative
process. These four tiers of biological quality in Mainc’s
Water Quality Standards (Table 1) are based on Odum’s
subsidy stress gradient (Odum et al. 1979, Odum 1985).
Attainment of standards is assessed by determining to
which tier a sample of macroinvertebrates is most
similar (Courtemanch et al. 1989). Data on taxonomic
composition and other metrics are used in a discriminant
model to identify the class of waterbody from which the
sample was taken (Shelton and Blocksom 2004; S. P.
Davies, F. Drummond, D. L. Courtemanch. and L.
Tsomides, unpublished manuscript). Incorporating multi-
ple tiers has been useful for water quality management
in Maine in five significant ways: (1) identifying and
preserving the highest quality resources, (2) more
accurately depicting existing conditions, (3) setting
realistic and attainable management goals, (4) preserv-
ing incremental improvements, and (5) triggering
management action when conditions decline (Davies ct
al. 1999),

Our goal in developing the BCG was to extend the
empirical work of carlier researchers and practitioners to
create a nationally consistent conceptual model that
could be used to better link biological goals for resource
condition with the quantitative measures used in bio-
logical assessments. The BCG was designed to describe
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TasLe 1. Maine's narrative aquatic-life and habitat standards
for rivers and streams (summarized from Maine Revised
Statutes Annotated).

Class Biological standardf

Habitat shall be characterized as natural
and free flowing. Aquatic life shall be as
naturally occurs.

A Habitat shall be characterized as natural,

Aquatic life shall be as naturally occurs.

AA

B Habitat shall be characterized as
unimpaired. Discharges shall not cause
adverse impacts to aquatic life.
Receiving water shall be of sufficient
quality to support all aquatic species
indigenous to the receiving walter
without detrimental changes in the
resident biological community.

6 Habitat for fish and other aquatic life.
Discharges may cause some changes Lo
aquatic life, provided that the receiving
waters shall be of sufficient quality to
support all species of fish indigenous o
the receiving water and maintain the
structure and function of the resident
biological community.

Impoundments  Support all species of fish indigenous to
those waters and maintain the structure
and function of the resident biological

community.

Source: Maine Revised Statutes: title 38 [Waters and
Navigation]. chapter 3 [Protection and Impairment of Waters],
Article 4-A [Water Classification Program], sections 464-465.

+ The narrative aquatic life standard is the same for Class
AA and Class A,

ccological response to stress in sufficient enough detail
(i.c., 10 system attributes and six condition tiers) that
sample data describing taxonomic composition or bio-
logical indicator values could be readily placed into a
tier of the BCG continuum.

To build this model, we began with the empirical
work of earlier researchers and the conceptual model of
Cairns et al. (1993) (Fig. 1). The ideas in Cairns ct al.
(1993) provided the conceptual foundation for the BCG
because they included the concept of “natural™ con-
ditions and showed how biological condition declines in
relation to spatial and temporal disturbance gradients.
Early drafts of the model were modified based on
critiques by aquatic scientists from different biogeo-
graphic areas, cach of whom had 15-30 years ol
experience in the ficld. Additionally, to ensure that the
model would have maximum potential application, we
developed the ticring of the BCG based on the practical
experience that states have had in designing and
implementing tiered aquatic-life uses. We specifically
designed the BCG to meet the following four objectives:

1) it describes the complete scale of condition from
natural to severely altered:

2) it is capable of synthesizing existing ficld obscrva-
tions and generally accepted interpretations of
patterns of biological degradation within a common
framework:
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“Pristine"/natural state

Time —»

(Increasing effect of human disturbance)

Fic. 1. Conceptual model relating changes in measurable ecosystem attributes to human disturbance over time (modified from
Cuirns et al. [1993: fig. 1], with permission of Springer Science and Business Media).

3) it is based on measurable, ecologically important
attributes, or those likely to be measurable in the
future, that aid in judging the degree that a system
may have departed from natural condition; and

4) it is consistent with empirical evidence documenting
the trajectories of ecological attributes across stressor
gradients.

DEVELOPMENT OF THE BioLoGicaL CONDITION
Grapient (BCG) MobEiL

The BCG model was developed and tested by a
national working group comprised of scientists and
managers from Federal, State, and Tribal water resource
agencies and academia (Appendix A). Based on
recommendations [rom the full work group, a steering
committee created a matrix that summarized the current
state of knowledge about how biological attributes
change in response to increasing levels of stress in
aquatic ecosystems (Table 2, Fig. 2. Appendices C and
D). In developing the BCG., we believed it was
important to ground the model in both theory and
relevance of application to current bioassessment pro-
grams. The model had to have a theoretically sound
context as well as meet the needs of practitioners around
the country. We followed an iterative, inductive
approach, similar to means-end analysis (Martinez
1998). in building the model.

We entered the process of model building by testing
whether biologists from different parts of the country
would draw similar conclusions regarding the condition
ol a waterbody from simple lists of organisms and their
counts. Our approach was based on Maine’s experience
in which expert biologists independently assigned sam-
ples of macroinvertebrates to a priori defined classes of
biological condition defined by differences in assemblage

attributes (Davies et al. 1995). In Maine, decision rules
were provided to biologists in the form of a 4 X 31 matrix
of expected trajectories of quantifiable aspects of the
invertebrate assemblage that corresponded with bio-
logical expectations for different water-quality manage-
ment classes (Table 1). The high level of agreement
among experts in placing samples into different classes
allowed Maine to develop a predictive statistical model
that is now used to assess the biological condition of new
sites (Courtemanch 1995, State of Maine 2003, Shelton
and Blocksom 2004; S. P. Davies, F. Drummond, D. L.
Courtemanch, and L. Tsomides, unpublished manuscript).

The BCG describes ecological condition in terms of 10
key attributes expressed at different spatial scales. In
biological assessments, most information is collected at
the spatial scale of a site or reach and the temporal scale
of a single sampling event. Many of the attributes that
contribute to the BCG are based on these scales. Site
scale attributes include aspects of taxonomic composi-
tion and community structure (Attributes 1-VI) and
organism and system performance (Attributes VII and
VIII). To address larger temporal and spatial scales,
physical-biotic interactions are also included (Attributes
IX and X) because of their importance in evaluating and
prioritizing intervention actions and in determining
potential for improvement. To provide a practical
framework for practitioners, we describe how each of
these attributes varies across six tiers of biological
response o increasing levels of stressors (Table 2:
Appendix C). Terms used in the BCG are defined in
Appendix B. Appendix C provides additional narrative
detail on transitions between tiers. We recognize that
some monitoring programs may be unable to distin-
guish, or may not require, six tiers. However, the work-
group members concluded that six tiers can be
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quantitatively distinguished by well-designed and rig-
orous monitoring programs, and smaller increments of
change are useful to show improvements or losses in
biological condition.

Finally. the general model is described in terms of the
biota of a specific region (Maine) to illustrate how
specific ecological attributes vary across the BCG tiers
(Appendix D). In the Maine example we describe how
the relative densities of specific taxa of varying
sensitivities 1o disturbance change across tiers. This
example is based on 20 years of genus/species benthic
macroinvertebrate data (400 samples from rivers and
streams spanning conditions from near-natural to
severely altered) (Davies et al. 1999).

Taxonomic composition and tolerance (Attributes 1-V')

Taxa differ in their sensitivities 1o stressors. Changes
in the numbers, kinds, and relative abundance of taxa
across stressor gradients are important and useful
indicators of adverse effects (Cairns 1977, Karr 1981).
Sensitivity of taxa to stress can vary both among species
and with stressor. Shifts in taxa as a function of differing
sensitivities 1o aquatic and riparian disturbance are well
documented (Table 3). For perennial streams in temper-
ate zones. disturbance tends to select for short-lived,
tolerant species and against longer-lived. less-tolerant
species (Pianka 1970, Odum 1985, Rapport et al. 1985).
In the highest-quality tiers of the gradient, locally
endemic taxa that are long lived and ecologically
specialized are well represented and the relative abun-
dances of generalists and pollution-tolerant organisms
arc low. With increasing stress, assemblage composition
shifts towards tolerant species or short-lived taxa that
can rapidly colonize disturbed environments. Assem-
blages in the lower tiers are dominated by curytopic taxa
with generalist or facultative feeding strategies.

Nonnative taxa (Attribute V1)

Nonnative taxa represent both an expression of
biological condition and a stressor in the form of
biological pollution. Although some intentionally intro-
duced species arc valued by large segments of society
(c.g., gamefish), these species may be just as disruptive to
native species as undesirable opportunistic invaders (e.g.,
zebra mussels). Many rivers in the Uniited States are now
dominated by nonnative fishes and invertebrates (Moyle
1986), and introductions of alicn species are the sccond
most important factor contributing to fish extinctions in
North America (Miller et al. 1989). The BCG identifies
maintenance of native taxa as an essential characteristic
of tier 1 and 2 conditions. The model allows for the
occurrence of nonnative taxa in these tiers il those taxa
do not displace native taxa or have a detrimental effeet
on native structure and function. Tiers 3 and 4 depict
increasing occurrence of nonnative taxa. Extensive
replacement of native taxa by tolerant or invasive,
nonnative taxa occurs in tiers 5 and 6.
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Organism condition (Attribute VII)

Organism condition includes direct and indircct
indicators such as fecundity, morbidity, mortality,
growth rates, and anomalies such as lesions, tumors,
and deformities, and for the purposes of the BCG,
primarily applies to fish and amphibians. Some of these
indicators arc rcadily observed in the ficld and
laboratory, whereas the assessment of others requires
specialized expertise and much greater effort. The most
common approach for state and tribal programs is 10
forcgo complex and demanding dircct measures of
organism condition (e¢.g., fecundity, morbidity. mortal-
ity, growth rates) in favor of indirect or surrogate
measures (e.g., percentage of organisms with anomalies,
age or size class distributions) (Simon 2003). Organism
anomalies in the BCG vary from naturally occurring
incidence in tiers 1 and 2 to higher-than-expected
incidence in tiers 3 and 4. In tiers 5 and 6, biomass is
reduced, the age structure of populations indicates
premature mortality or unsuccessful reproduction, and
the incidence of serious anomalies is high.

Ecosystem function (Auribute VIII)

Ecosystem function refers to the aggregate perfor-
mance of dynamic interactions among an ecosystem's
biological parts (Cairns 1977). In this paper, we use the
term “ecosystem function™ to include measures of both
the interactions among taxa (food-web dynamics) and
energy and nutrient processing rates (energy and nutrient
dynamics). These attributes are included in the BCG
because ecologists universally recognize their fundamen-
tal importance. At present the level of effort required to
assess properties of ecosystem function directly is beyond
the means of most state and tribal monitoring programs.
Instead, most programs rely on taxonomic and structural
indicators to make inferences about functional status
(Karr et al. 1986). For example, shifts in the primary
source of food may cause changes in trophic-guild
indices or indicator species. Although direct measures
of ccosystem function are not commonly measured by
state or tribal bioassessment programs, they may become
practical in the Tuture (Gessner and Chauvet 2002).

Attribute VIII includes aspects of individual, popula-
tion, and community condition. Altered interactions
between individual organisms and their abiotic and
biotic environments may result in changes in growth
rates. reproductive success, movement, or mortality.
These altered interactions are ultimately expressed at
ecosystem levels of organization (e.g.. shifts from
heterotrophy 1o autotrophy, onset of cutrophic con-
ditions) and as changes in ecosystem process rates (¢.2..
photosynthesis, respiration, production, decomposition)
(Table 4). To illustrate dynamic processes such as these
the Maine case example (Appendix D) describes a
progression of functional change. It presents a naturally
oligotrophic and heterotrophic system with the photo-
synthesis-to-respiration ratio (P/R) <1, in tiers 1 and 2.
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TapLe 2. Narrative descriptions of the 10 attributes that distinguish the six tiers of the biological condition gradient (BCG).

BGC tier (1-6)

Description

Tier description
1

o oLh fe L b

Natural or native condition

Minimal changes in structure of biotic community: minimal changes in ecosystem function
Evident changes in structure of biotic community; minimal changes in ccosystem function
Moderate changes in structure of biotic community; minimal changes ecosystem function
Major changes in structure of biotic community; moderate changes in ecosystem function
Severe changes in structure of biotic community: major loss of ecosystem function

General description of biological condition

-

6

Native structural, functional, and taxonomic integrity is preserved: ecosystem function is preserved within
range of natural variability

Virtually all native taxa are maintained with some changes in biomass and/or abundance; ecosystem functions
are fully maintained within range of natural variability

Some changes in structure due to loss of some rare native taxa; shifts in relative abundance of taxa but
sensitive-ubiquitous taxa arc common and abundant: ecosystem functions are fully maintained through
redundant attributes of the system

Moderate changes in structure due to replacement of some sensitive-ubiquitous taxa by more tolerant taxa,
but reproducing populations ol some sensitive taxa are maintained; overall balanced distribution of all
expected major groups; ecosystem functions largely maintained through redundant attributes

Sensitive taxa are markedly diminished: conspicuously unbalanced distribution of major groups from that
expected: organism condition shows signs of physiological stress; system function shows reduced complexity
and redundancy; increased buildup or export of unused materials

Extreme changes in structure; wholesale changes in taxonomic composition; extreme alterations from normal
densities and distributions; organism conditioning is often poor; ecosystem functions are severely altered

Attribute I: Historically documented, sensitive, long-lived, or regionally endemic taxa

ol e g 1 —

As predicted for natural occurrence except for global extinctions
As predicted for natural occurrence except for global extinetions
Some may be absent due to global extinction or local extirpations
Some may be absent due to global, regional, or local extirpations
Usually absent

Absent

Attribute I1: Sensitive-rare taxa

e L b —

6

As predicted for natural occurrence, with at most minor changes from natural densities
Virtually all are maintained with some changes in densities

Some loss, with replacement by functionally equivalent sensitive-ubiquitous taxa

May be markedly diminished

Absent

Absent

Attribute I11: Sensitive-ubiquitous taxa

T

5
6

As predicted for natural occurrence, with at most minor changes from natural densities

Present and may be increasingly abundant

Common and abundant; relative abundance greater than sensitive-rare taxa

Present with reproducing populations maintained; some replacement by functionally equivalent taxa of
intermediate tolerance

Frequently absent or markedly diminished

Absent

Attribute I'V: Taxa of intermediate tolerance

1

=

As predicted for natural occurrence, with at most minor changes from natural densities

As naturally present with slight increases in abundance

Often evident increases in abundance

Common and often abundant; relative abundance may be greater than sensitive-ubiquitous taxa
Often exhibit excessive dominance

May occur in extremely high or extremely low densities: richness of all taxa is low

Attribute V: Tolerant taxa

= L

As predicted for natural oceurrence, at most minor changes from natural densities

As naturally present with slight increases in abundance

May be increases in abundance or functionally diverse tolerant taxa

May be common but do not exhibit significant dominance

Often occur in high densities and may be dominant

Usually comprise the majority of the assemblage: often extreme departures from normal densities (high or
low)

Attribute VI: Nonnative or intentionally introduced taxa

1

2
3

Nonnative taxa, if present, do not displace native taxa or alter native structural of functional integrity

Nonnative taxa may be present, but occurrence has a non-detrimental effect on native taxa

Sensitive or intentionally introduced nonnative taxa may dominate some assemblages (c.g.. fish or
macrophytes)
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Tanre 2. Continued.

BGC tier (1-6) Description

-+ Some replacement of sensitive nonnative taxa with functionally diverse assemblage of nonnative taxa of
intermediate tolerance

Some assemblages (c.g., fish or macrophytes) are dominated by tolerant nonnative taxa

6 Often dominant: may be the only representative of some assemblages (c.g., plants, fish. bivalves)

L

Attribute VII: Organism condition (especially of long-lived organisms)

Any anomalics arc consistent with naturally occurring incidence and characteristics

Any anomalics arc consistent with naturally occurring incidence and characteristics

Anomalics arc infrequent

Incidence of anomalics may be slightly higher than expected

Biomass may be reduced; anomalics increasingly common

6 Long-lived taxa may be absent; biomass reduced; anomalics common and serious; minimal reproduction
except for extremely tolerant groups

A g el b —

Attribute VIII: Ecosystem functions

1 All are maintained within range of natural variability

2 All are maintained within range of natural varability

3 Virtually all are maintained through functionally redundant system attributes; minimal increasc in export
except at high storm flows

4 Virtually all are maintained through functionally redundant system attributes, although there 1s evidence of
loss of efficiency (c.g., increased export or decrcased import)

5 Apparent loss of some ccosystem functions manifested as increased export or decreased import of some
resources, and changes in energy exchange rates (c.g.. P/R. deconposition)

6 Most functions show cxtensive and persistent disruption

Attribute IX: Spatial and temporal extent of detrimental effects

Not applicable; a natural-disturbance regime is maintained

Limited to small pockets and short duration

Limited to the reach scale and/or limited to within a scason

Mild detrimental cffects may be detectable beyond the reach scale and may include more than one scason

Detrimental effects extend far beyond the reach scale Ieaving only a few islands of adequate conditions: effect
cxtends across multiple scasons

6 Detrimental effects may climinate all refugia and colonization sources within the catchment and affect

multiple scasons

b L b —

Attribute X: Ecosyslem connectance

System is slightly connected in space and time, at least annually

Ecosystem connectance is unimpaired

Slight loss of connectance but there are adequate local recolonization sources

Some loss of connectance but colonization sources and refugia exist within the catchment

Significant loss of ccosystem connectance is evident; recolonization sources do not exist for some taxa

Complete loss of ccosystem connectance in at least one dimension (i.c.. longitudinal, lateral, vertical, or
temporal) lowers reproductive success of most groups; [requent failures in reproduction and recruitment

oLa b L b —

Note: For fuller description of BCG tiers, see Appendix C.

Natural 1 Native or natural condition

2 Minimal loss of species; some
density changes may occur

Some replacement of
sensitive-rare species;
functions fully 3
maintained Some sensitive species
4 maintained but notable
replacement by more-tolerant
taxa; altered distributions;
functions largely maintained

Biological condition

Tolerant species show increasing
dominance; sensitive species are 5
rare; functions altered

Degraded Severe alteration of
structure and function 6

Low Stressor gradient . High

FiG. 2. Conceptual model depicting stages of change in biological conditions in responsc to an increasing stressor gradient.
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TasLe 3. Observational evidence in support of the predicted responses of the ecological attributes in the biological condition

gradient (BCG).

BCG response

Case-specific documentation and reference(s)

Adttributes -V

Shifts in numbers and kinds of
species present and number of
individuals per species as function
of varying tolerances to different
kinds of aquatic and riparian
disturbance

Shifts from K-selected strategists to r-
selected strategists following
disturbance

Regional and national species-
attribute lists and taxonomic-
tolerance values

Attribute VI
Detrimental effects of nonnative taxa

Attribute VII
Changes in organism condition or
increase in anomalies in response
to pollution gradients

Changes in lake diatom species composition in response to intentional
fertilization (Zeeb et al. 1974, Yang et al. 1996)

Loss of sculpins downstream of metal mines (Mebane et al. 2003)

Changes in algal species across a nutrient gradient in the Florida Everglades
(Stevenson et al. 2002)

Changes in diatom assemblages with increased acidification and eutrophication
of lakes (Dixit et al. 1999)

Shifts in species composition along a gradient of pulp and paper mill effluent
concentrations in a Maine river (Rabeni ct al. 1988)

Shifts in damselfly species from specialist species to generalist species along a
gradient of organic pollution in an Italian river (Solimini et al. 1997)

Variable sensitivities of benthic macroinvertebrate species to acidic conditions
(Courtney and Clements 2000)

Changes in fish species composition in an Oregon river with increased nutrients
and temperature (Hughes and Gammon 1987)

Changes in fish species composition in response to human disturbance (Hughes
et al. 1998, Hughes and Oberdorff 1998)

Differentially tolerant fish species in response to heavy-metal and dissolved-
oxygen gradients in two Indian rivers (Ganasan and Hughes 1998)

Variable responses of stream amphibians to severe siltation (Welsh and Ollivier
1998)

Shifts from fragmentation-sensitive to fragmentation-tolerant bird species in
relation to disturbed riparian habitats (Croonquist and Brooks 1993, Allen
and O’Connor 2000, Bryce et al. 2002, Bryce and Hughes 2003)

Higher proportion of r-selected species in a flow-regulated river than a natural-
flow-regime river (Nilsson et al. 1991)

Shift to r-selected, generalist damselfly species along a gradient of increasing
pollution (Solimini et al. 1997)

Water-level fluctuation in & mesocosm resulted in increased proportion of r-
strategist species (Troelstrup and Hengenrader 1990)

High pollution stress correlated with increase in r-selected strategists in the same
river 21 years apart (Richardson et al. 2000)

Compendium of pollution tolerance, habitat preferences, feeding guilds for fish
species of the Pacific Northwest (USA) (Zaroban et al. 1999)

Organic pollution tolerance ranks for Wisconsin stream insect taxa (Hilsenhofl
1987)

Compendium of pollution tolerance, habitat preferences, feeding guilds of North
American fish and aquatic macroinvertebrate taxa (Barbour et al. 1999)

Compendium of pollution tolerance, habitat preferences, feeding guilds for fish
species of the northeastern United States (Halliwell et al. 1998)

Loss of 150-200 endemic species in Lake Victoria following intentional
introduction of Nile perch (Lates niloticus) and Nile tilapia (Oreoclironmus
nilocticuy; Witte et al. 1992); dominance of many lowland rivers in western
United States by nonnative fishes and invertebrates (Miller et al. 1989, Moyle
1986)

FFood-web disruption and loss of native mussels from zebra mussel invasion
(Whittier ct al. 1995)

Loss of small, soft-finned fish species from northeast U.S. lakes following
predator introductions (Whittier and Kincaid 1999)

Mid-20th-century collapse of native salmonid fisheries following colonization of’
Laurentian Great Lakes by sea lamprey (Petromyzon marinus) and alewife
(Alosa psendoharengus) (Smith 1972)

Increased fish anomalies in vicinity of toxic outfalls (Hughes and Gammon
1987, Yoder and Rankin 19955)

Altered blood chemistry and mortality in fish associated with wetlands that
received oil-sands effluent (Bendellyoung et al. 2000)

Changes in growth, organism condition, fecundity, and feeding strategics for
creek chub (Semotilus atromaculatus) across a variety of disturbance gradients
(urbanization, agriculture, temperature) (Fitzgerald et al. 1999)
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BCG response

Case-specific documentation and reference(s)

Attribute VIII

Disruptions of function at the
ecosystem level

Exlinc!inn and succession of littoral lake invertebrate species secondary to lake
acidification; initially detected by temporal changes in taxonomic and density

measures but followed by top-down and bottom-up effects at all trophic
levels, caused by reduced nutrient cycling. A trophic cascade ultimately
involved loss of fish and increased biomass of primary producers.

Attribute IX
Influence of spatial and temporal
scale of disturbance on biological
response and recovery potential

Large-scale, multstate status and trends assessment of Pacific salmon influenced
the listing of species under the Endangered Species Act (Ncehlsen et al. 1991)
Environmental factors operating at different spatial and temporal scales

influence production and survivorship of juvenile Atlantic salmon (PofT and

Huryn 1998)

Past land-use activity has long-term effects on aquatic biodiversity (Harding et

al. 1998)

Assessments of stream-fish and benthic-macroinvertebrate assemblages at state
and regional scales reveal serious alterations in indicators of biological

integrity (USEPA 2000)

Attribute X
Ecosystems connectance

Extirpation of Pacific Northwest salmon following construction of impassable

dams (Frissell 1993)
Lxtirpation of Colorado River fishes following dam construction (Holden and

Stalnaker 1975)

Tiers 3 and 4 show functional changes commonly
associated with the effects of increased temperature
and nutrient enrichment (P/R = 1. diurnal sags in
dissolved oxygen. changes in taxonomic composition
and relative abundance, increased algal biomass). Tier 5
describes an autotrophic system impaired by excessive
algal biomass. Poor water quality described in tier 6
results in negligible algal production. The resulting low
photosynthesis and high bacterial respiration causes a
reversal back to heterotrophy and P/R < 1.

TasLE 4.
Attribute VIII: ecosystem function).

Secale-dependent factors ( Attributes 1X and X)

Attribute IX describes the spatial and temporal extent
of cumulative adverse effects of stressors. and Attribute
X describes changes in ecosystem connectance across a
disturbance gradient. Both attributes are associated with
alterations that occur within entire catchments or
regions, or within seasonal and annual cycles. These
attributes were included in the BCG because the extent
of ecosystem alteration has important implications in
terms of an individual water-body’s risk of further

Functional ecological attributes or process rates and their structural indicators (i.c.,

Biotic level and function
Or process

Structural indicator

Individual level
Fecundity
Growth and metabolism
Morbidity

Population level
Growth and fecundity
Mortality
Production
Sustainability
Migration, reproduction

Density

Community or assemblage level
Production/respiration ratio,
autotrophy vs. heterotrophy
Primary production

Ecosystem level

Maximum individual size. number of eggs
Length/mass (condition)
Percentage anomalies

Size- or age-class distribution

Biomass, standing crop, catch per unit effort
Size- or age-class distribution

Presence or absence, density

Trophic guilds, indicator species

Biomass, ash-free dry mass

Connectivity

Degree of aguatic and riparian fragmentation
longitudinally, vertically, and horizontally; presence or
absence of diadromous and potadromous specics




1260

TABLE 5.

INVITED FEATURE

Ecological Applications
Vol. 16, No. 4

Assemblage data sources, raters, and concurrence scores for a trial of the draft biological condition gradient (BCG).

Sampling-cvent type State data sources

Arizona“i Florida®, K;;nsas*.
Maine’, New chsey ) Nor‘lh
Carolina®, Ohio~, Oregon®,

Texas®, Vermont'

Benthic macro-
invertebrate (54
samples
evialuated)

California, Kansas, Maine,
Maryland, Minnesota,
Missouri, New Jersey, North
Carolina, Ohio, Oregon,
Pennsylvania, Texas, Vermont

Fish (58 samples
evaluated)

No,

biologists; Concurrence of
no. statest Regional subgroups assignments (%)

3321 Northeast' N 76

South-Central” 88

Northwest’ 79

Southwest-Great Plains® 85

11: 9 one group 74

Notes: The states are listed in alphabetical order. The superscript numbers in the “State data sources™ column correspond Lo the

superscript numbers in the *Regional subgroups™ column.

F The number of biologists who reviewed the data and the number of states they represented.

alteration as well as potential for restoration. For
example, ecosystem connectivity is fundamental to the
successful recruitment and maintenance of organisms
into any environment. A single impaired stream reach in
an otherwise intact watershed has far more restoration
potential than a similar site in a basin that has
undergone extensive landscape alteration (Table 3).
Tiers 1 and 2 depict a highly connected system in which
a natural disturbance regime is maintained. The effects
of increasing levels of stressors on the biota in tiers 3 and
4 arc limited to the reach or seasonal scale. The two
lowest tiers depict a system with stressor effects
extending to the catchment scale and affecting multiple
scasons. A few “islands™ of suitable conditions serve as
refugia in tier 5. but extensive loss of connectance and
refugia occurs in tier 6.

EvaLuation orF e BCG MobpeL

To test the general applicability of the BCG model to
sampling data, we evaluated how consistently individual
aquatic ccologists classified typical state and tribal
biological data, based on the BCG attributes. Scientists
from 23 states and one tribe participated in the data
evaluation exercise (Appendix A) and the data that were
used represented the basic core clements common to
nearly all biological monitoring programs. The full work
group was divided into five breakout groups according
to regional (Northeast: South-Central; Northwest;
Southwest-Great Plains) or assemblage (fish: inverte-
brates) expertise (Table 5). We used invertebrate and fish
data that had been collected by state-tribal programs,
from similar-sized, hard-bottom, wadeable streams
subjected to a similar stressor gradient (increases in
temperature and nutrients from nonpoint and/or point
sources). Samples were sclected to span as many of the
tiers described in the BCG as possible. The 54
invertebrate samples and 58 fish samples used in the
tests were collected from six broad geographic regions
within the United States and included information
about sampling methods; taxonomic names; densities;
in some cases, index values; and basic descriptors of
stream physical characteristics (substrate, velocity,

width, depth, etc.) (Appendix E). Individuals were asked
to place each sample into one of the six condition tiers
but were cautioned not to apply a simple relative quality
ranking, because all six tiers of degradation did not
necessarily occur within the data sets. Biologists
primarily relied upon differences in relative abundance
and sensitivities of taxa (i.c.. Attributes I-VI) to make
tier assignments because information needed to evaluate
the status of the other attributes was not available.

In the first stage of the data exercise, we evaluated
between-biologist differences by asking individual work-
group participants to rate a single data set of 6-8 samples
from their region. Individuals then were asked to classify
samples from larger and more variable data scts. In cach
case a matrix was produced to show how each biologist
rated cach site, and overall stream-specific concurrence
was calculated (Table 6). Group discussion followed, to
summarize the within and between regional consistency
of biologists™ interpretations and to identify biological
responses to stressors that were not captured by the
BCG. Finally, the participants were asked to evaluate
how the tiers corresponded to how they currently
interpret biological integrity and the CWA interim goal
for protection and propagation of aquatic life.

OutcoMmEe oF THE EvaLUATION: LEVEL OF CONCURRENCE
AND RECOMMENDED REVISIONS

To evaluate the level of agreement in tier assignments
for each break-out group, perfect concurrence was set to
equal the product of the number of raters by the number
of streams. Any tier assignment that differed from the
mode tier assigned by the break-out group members was
considered to be nonconcurring (Table 6). Overall
average concurrence was 82% for the 54 benthic
macroinvertebrate samples (evaluated by four break-
out groups) and 74% for the 58 fish samples (one
breakout group). When tier assignments differed, they
were usually within one tier’s distance in cither direction.

Each of the break-out groups independently reported
that the ecological characteristics conceptually described
by tiers 1-4 corresponded to how they interpret the
Clean Water Act (CWA)'s interim goal for protection
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Example results matrix of biological condition gradient (BCG) tier assignments from five

reviewer biologists in the invertebrate break-out group for two states in the South-Central region.

BCG tier assignments

Reviewer Summary

Stream namet A B (& D E Mode Mean Consensus
Mill' 5 5 5 S O 5 5.2 5
Stillwater' 3 3 3 3 4 3 3.2 3
Salt! 1 1 1 1 2 1 1.2 1
Hocking' 6 6 6 6 6 6 6 6
Loramic' 4 4 4 4 4 4 4 4
Deer! 2 2 2 3 2 2 2.2 2
Mud” 5 4-5 5 4 5 5 4.7 5
Hazel” | 1-2 1-2 2 1 1 1.4 I
Alarka™ 2 i 1-2 1-2 2 2 1.6 2
Collasaja” 4 3-4 4 34 4 4 3.8 4
Savannah~ 3 3 3 253 3 3 2.9 3
Little Buffalo® 4 34 4 34 4 4 3.8 4

Notes: These assignments show 88% concurrence (53 concurring, stream-specific tier assignments

out of maximum possible score of 60). Italic numbers indicate non-concurring assignments.
T Superscript numbers indicate states: 1, Ohio: 2, North Carolina.

and propagation of aquatic life, and identified the
characteristics described by tiers 1 and 2 as indicative of
biological integrity.

Work-group members reported that key concepts were
important with respect to classifying samples into tiers
and identifying boundaries between tiers. For tiers | and
2. biologists identified the maintenance of native species
populations as essential to their understanding of
biological integrity. Although many participants noted
that criteria for distinguishing differences between tiers in
Attribute VIIT (ccosystem function) were poorly defined,
and assessment experience was lacking, most nevertheless
identified changes in ecosystem function (as indicated by
marked changes in food-web structure and guilds) as
critical in distinguishing between tiers 4 and 5.

Participants reported that they mostly use Attributes
[-V (taxonomic composition and tolerance), Attribute
VI (nonnative taxa, for ticrs 2-6 only) and Attribute VII
(organism condition. applied to fish) in their monitoring
programs to evaluate biological conditions. In contrast,
because Attributes VIII-X (ecosystem function and
scale-dependent features) are rarcly directly assessed by
biologists. the evaluation of these attributes in the data
exercise was accompanied by relatively high uncertainty.
Even so. work-group members strongly advocated
retaining these attributes in the BCG because of the
practical need for this information in making decisions
on restoration potential. Following full work-group
recommendations. tiers were revised so that transitions
were more distinet.

The presence of nonnative taxa in tier 1 was also the
subject of considerable discussion. Knowledge of the
extensive occurrence of some nonnative taxa in other-
wisc near-pristine systems conflicted with the desire by
many to maintain a conceptually pure and natural tier.
Further discussion resulted in agreement that the
presence of nonnative taxa in tier 1 was permissible
only if they cause no displacement of native taxa,

although the practical uncertainties of this provision
were acknowledged. We also discussed the applicability
of the BCG when evaluating the status of threatened or
endangered species in a water body. Work-group
members concluded that because Attributes I and I1
(c.g., historically documented and sensitive taxa) assess
the status of native taxa, these attributes could be uscful
in helping to identify species listed as threatened or
endangered when classifying a site or assessing its
condition.

Discussion

The biological condition gradient (BCG) was designed
to facilitate more accurate communication about the
existing and potential condition of aquatic resources.
For example. the grounding of the BCG in natural
conditions will help practitioners and the public
recognize that current conditions do not necessarily
represent natural conditions. In areas where natural, or
near-natural conditions cxist, people are generally
familiar with what is natural and what has been altered
by stressors. But, many of the work-group members
with experience in extensively altered regions observed
that practitioners and the public alike tend to accept the
“best of what is left™ as the optimal recovery potential
for a system. In these places, it is difficult to visualize
those natural conditions that were once present, which
results in a truncated perspective on which to base
decisions. An improved understanding of the changes
that have occurred may result in a more rigorous
evaluation of what remains and what could be restored.
Use of the BCG facilitates recognition and protection of
remaining high-quality waters.

Critical gaps in our knowledge were uncovered during
the development of the BCG. For example, the work
group identificd the need for regional evaluations of
species tolerance to stressors, Tolerance information
presented in the current version of the BCG tends to be
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based on generalized taxa responses to a generalized
stressor gradient. At this time, tolerance information is
not available for most taxa and for many common
stressors (temperature, nutrients, and sediments). In
some cases, tolerance values are based on data collected
in other geographic regions or for other purposes (¢.g.,
Von Damm’s European diatom tolerances are used for
North American taxa). Improved tolerance-value infor-
mation is needed to both refine application of the BCG
and evaluate probable causes of biological alteration
when developing restoration or remediation strategics.

Additionally, taxa that are considered intolerant of,
or sensitive to, changes in environmental condition in
one region of the country may not be classified that way
in another region. For example, in perennial streams in
temperate regions, long-lived taxa have generally been
characterized as sensitive to increasing levels of stressors
and tend to be replaced by short-lived taxa. As such, the
presence of long-lived taxa in a water body has been
used to indicate high quality conditions, whereas the
predominance of short-lived taxa indicates stress. How-
ever, in the arid western United States, extreme changes
in hydrology define the natural regime for some systems,
and an opposite trend has been observed: short-lived
taxa can dominate the biological community in natural
settings where the magnitude and frequency of flow is
highly variable. In these systems, a shift to long-lived
taxa may be an indicator of altered, less variable flow
regimes.

The development of the BCG brought the role of
science in management into sharper focus. One such
issue was the presence of introduced, or nonnative,
species in otherwise high-quality aquatic systems. As
mentioned earlier, the work group unanimously agreed
that maintenance of native species populations was the
key determinant for membership in tiers 1 or 2, the
biological-integrity categories. However, the role of
introduced or nonnative species within these highest
categories was vigorously debated. The resulting tier
descriptions, allowing for nonnative species in the
highest tiers as long as there is no detrimental effect
on the native populations, has practical management
implications. For example, introduced European brown
trout (Salmo trutta) have replaced native brook trout
(Salvelinus fontinalis) in many eastern U.S. streams. In
some catchments, brook trout persist only in stream
reaches above waterfalls that are barriers to brown
trout. The downstream reaches are nearly pristine except
for the presence of brown trout (D. Lenat, North
Carolina Department of Natural Resources, personal
communication). In these places, if introduced trout are
removed and il stream habitat is preserved throughout
the catchment, brook trout could potentially repopulate
downstream reaches. In the use-designation process,
recognizing that the entire catchment has the potential
to attain tier | conditions will inform the public that a
very-high-quality resource exists. This knowledge could
result in management actions to preserve brook trout
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where present and maintain potential for restoration
where they are not.

Conclusions

The BCG is a descriptive model of biological response
to increasing levels of stressors that synthesizes scientific
knowledge with the practical experience and needs of
resource managers and scientists. We developed the
BCG model to serve as an underlying, heuristic frame-
work that (1) synthesizes what we know into testable
hypotheses and (2) identifies knowledge gaps in need of
further research. By calibrating the model to individual
regions, scientific knowledge can be reviewed and
consolidated, and research needs can be expressed in a
context relevant to management. The BCG data exercise
revealed that biologists interpret raw taxonomic data
with remarkable consistency. Because we chose to use
data sets typical of those that are readily available from
state biomonitoring programs, a test of all the attributes
described in the BCG was not possible. The introduction
ol practical and accurate means to assess the status of
Attributes VIII-X will extend the ability of resource
managers to evaluate restoration potential. Although
regional modifications will be needed (Table 7), biolo-
gists from across the United States agreed that a similar
sequence of biological degradation occurs in streams in
response to stressors. This agreement supports the
feasibility of using the BCG as a common framework
to better define biological goals for a water body.

Use of the BCG should help promote clearer
communication of the status and potential of aquatic
resources by applying a common accounting framework
to diverse extant conditions. At the national level, it
should allow us to translate different regional and state
assessment measures and standards to a common
vardstick. At the regional and state level, the BCG
should facilitate organizing management actions along
ecological rather than political boundaries, thereby
facilitating sharing of data and information. Based on
the experience of Maine and Ohio, this model should
provide a means for regional and state resource
managers to identify and protect outstanding resources,
recognize incremental improvements in degraded loca-
tions, and appropriately allocate resources and manage-
ment actions.

We believe future work should focus on developing a
comparable model for tiering the generalized stressor
gradient and quantifying the relationships between the
BCG and both general and stressor-specific gradients
(Allan et al. 1997, Yuan and Norton 2003; R. M.
Hughes, wunpublished manuscripr). A gencralized stressor-
gradient model will assist us to better interpret the BCG
by defining “reference™ and determining how biology
responds to different types of individual and cumulative
stressors. These are especially important issues to
address because (1) least-disturbed *“reference” sites
dilfer significantly across states and ecoregions in their
degree of departure from historical or natural condi-
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Tasre 7. Taxa designated as representative of Attribute I: Historically documented. sensitive, long-lived. regionally endemic taxa,

for four different regions of the United States.

State and taxon

Taxa representative of Attribute |

brook Noater (Alasmodonta varicosa). triangle foater ( Alasmodonta undulara), yellow lampmussel
g

Gila trout, (Oncarlivuchus gilae). Apache trout (Oncorliynchus apache), cutthroat trout (endemic

hickorynut (Obovaria olivaria), black sandshell (Ligumia recta), ponderous campeloma (Canipeloma

Maine
Mollusks
(Lampsilis cariosa).
IFishes brook stickleback (Culaea inconstans), swamp darter (Etheostoma fusiforme
Washington
Fishes steelhead (Oncorlivnchus mykiss)
Amphibians spotted frog (Rana pretiosa)
Arizona
Mollusks spring snails (Pyrgulopsis spp.)
Fishes
strains) (Qncorhvnchus clarki).
Amphibians Chihuahua leopard frog (Rana chiricaluensis)
Kansas
Molluskst
crassidunt)
Fishes

Arkansas River shiner (Notropis girardi), Topeka shiner (Notropis topeka). Arkansas darter

(Etheostoma cragini), Neosho madtom (Newrus placidus). Mathead chub (Platygohio gracilisa)

Other invertebrates
animophila)
Amphibians

ringed craylish (Orconectes neglectus neglectus), Plains sand-burrowing mayfly (Homoeoneuria

Plains spadefoot toad (Spea hombifrons), Great Plains toad (Bufo cognatus), Great Plains

narrowmouth toad (Gastrophryne olivaceae), Plains leopard frog ( Rana blairi)

+ Although not truly endemic to the central plains, these regionally extirpated mollusks were widely distributed in eastern

Kansas prior to the onset of intensive agriculture.

tions, and (2) the expected biotic response to otherwise-
similar generalized stressor gradients likely varies due 1o
biogeographical differences across the country (Hughes
ct al. 1986, Hughes 1994, Bryce et al. 1999, Wallin et al.
2003, Stoddard ¢t al. 2006). The integration of BCG and
stressor gradients should ultimately provide us with a
comprehensive approach 1o evaluate ccological condi-
tion (biological, physical, and chemical) and to more
effectively prioritize management actions for ecither
preservation or remediation.

ACKNOWLEDGMENTS

The biological condition gradient (BCG) is the result of
dedicated and creative collaboration among a great number of
aquatic scientists and managers. Jan Stevenson (Michigan State
University), Susan B. Norton and Phil Larson (USEPA-ORD).
Robert Hughes (Dynamac). Maggie Passmore (USEPA-Region
3). Chris Yoder (Center for Applied Bioassessments and
Biocriteria), Michael Barbour (Tetra Tech. Inc.)., and Dennis
Mclntyre (GLEC) provided invaluable expertise and insight to
the construction of the BCG. The authors gratefully acknowl-
edge the techmical and creative contributions of the Tiered
Aquatic Life Use Workgroup members (Appendix A) and their
participation in the four national workshops held in Annapolis
and Baltimore, Maryland, between April 2000 and February
2003. The BCG was further tested and refined by the work of
two regional meetings held in Reno, Nevada, and Lawrence.
Kansas in 2003, Participants in the U.S. EPA Large Rivers
Science Advisors Workgroup held in Annapolis, Maryland, 1-4
April 1998, prepared valuable groundwork for the BCG and
their input is also gratefully acknowledged. We are indebted to
Charles Hawkins, Robert Hughes, Philip Larsen. and Susan
Norton for their patient and extensive editorial assistance on
earlier drafts of the manuscript.

The opinions expressed in this article are those of the authors
and do not necessarily reflect the opinion or policies of the U.S.
Environmental Protection Agency. This manuscript is subject

to section 105 of the copyright law (U.S. Code title 17. section

105) and not entitled to copyright protection in the United

States,

LiteraTure CITED

Allan, J. D.. D. L. Erickson, and J. Fay. 1997. The influence of
catchment land use on stream integrity across multiple scales.
Freshwater Biology 37:149-161.

Allen, A. P., and R. J. O’Connor. 2000. Interactive effects of
land use and other factors on regional bird distributions.
Journal of Biogeography 27:889-900.

Appelberg, M., B. I. Henrikson. L. Henrikson, and M.
Svedang. 1993, Biotic interactions within the littoral com-
munity of Swedish forest lakes during acidification. Ambio
22:290-297.

Barbour, M. T.. J. Gerritsen. B. D. Snyder. and J. B. Stribling.
1999. Rapid bioassessment protocols for use in streams and
wadeable rivers: periphyton, benthic macroinvertebrates and
fish. Second edition. EPA 841-B-99-002. U.S. Environmental
Protection Agency, Office of Water, Washington, D.C.,
USA.

Bendellyoung, L. 1.. K. E. Bennett. A. Crowe. C. J. Kennedy.,
A. R. Kermode, M. M. Moore, A. L. Plant, and A. Wood.
2000. Ecological characteristics of wetlands receiving an
industrial effluent. Ecological Applications 10:310-322.

Brinkhurst. R. 1993, Future directions in freshwater biomoni-
toring. Pages 442-460 it D. H. Rosenberg and V. H. Resh,
editors. IFreshwater biomonitoring and benthic macroinver-
tebrates. Chapman and Hall, New York. New York, USA.

Bryce. S. A.. and R. M. Hughes. 2003. Variable assemblage
responses to multiple disturbance gradients: case studies in
Oregon and Appalachia, USA. Pages 539-560 in T. P. Simon.
cditor. Biological response signatures: indicator patterns
using aquatic communities. CRC Press, Boca Raton, Florida.
USA.

Bryce. S. A, R. M. Hughes, and P. R. Kaufman. 2002.
Development of a bird integrity index: using bird assem-
blages as indicators of riparian condition. Environmental
Management 30:294-310.



1264

Bryce, S. A, J. M. Omernik, and D. P. Larsen. 1999.
Ecoregions: a geographic framework to guide character-
ization and ecosystem management. Environmental Practice
1:141-1355.

Cairns, J., Jr 1977. Quantification of biological integrity. Pages
171-187 in The integrity of water. EPA-335. U.S. Environ-
mental Protection Agency, Washington, D.C., USA.

Cairns, J. 1981, Biological monitoring. Part VI. Future needs.
Water Rescarch 15:941-952.

Cuirns, J., Jr.. P. V. McCormick, and R. R. Niederlehner. 1993,
A proposed framework for developing indicators of ecosys-
tem health. Hydrobiologia 263:1-44.

Cairns, J., Jr., and J. R, Pratt. 1993, A history of biological
monitoring using benthic macroinvertebrates. Pages 10-27 in
D. M. Rosenberg and V. H. Resh. editors. Freshwater
biomonitoring and benthic macroinvertebrates. Chapman
and Hall, New York, New York, USA.

Courtemanch, D, L. 1995, Merging the science of biological
monitoring with water resource management policy: criteria
development. Pages 315-325 in W. S. Davis and T, P. Simon,
editors. Biological assessment and criteria: tools for water
resource planning and decision making. CRC Press, Boca
Raton, Florida, USA.

Courtemanch, D. L., S. P. Davies, and E. Laverty. 1989,
Incorporation of biological information in water quality
planning. Environmental Management 13:35-41,

Courtney, L. A., and W. H. Clements. 2000. Sensitivity to
acidic pH in benthic invertebrate assemblages with different
histories of exposure to metals. Journal of the North
American Benthological Society 19:112-127.

Croonquist, M., and R. P. Brooks. 1993. Effects of habitat
disturbance on bird communities in riparian corridors.
Journal of Soil and Water Conservation 48:65-70.

Davies. S. P., L. Tsomides, D. Courtemanch, and F.
Drummond. 1995, Maine biological monitoring and bioeri-
teria development program. DEP-LWI108. Maine Depart-
ment of Environmental Protection, Augusta, Maine, USA,

Davies, S. P., L. Tsomides, J. DiFranco, and D. Courtemanch.
1999. Biomonitoring retrospective: fifteen year summary for
Maine rivers and streams. DEPLW1999-26. Maine Depart-
ment of Environmental Protection, Augusta, Maine, USA.
(http://www.state.me.us/dep/blwg/docmonitoring/
biomonitoring/biorep2000.htm)

Dixit, S. S., J. P. Smol, D. F. Charles, R. M. Hughes, S. G.
Paulsen. and G. B. Collins. 1999. Assessing water quality
changes in the lakes of the northeastern United States using
sediment diatoms. Canadian Journal of Fisheries and
Aquatic Sciences 56:131-152.

European Parliament. 2000. Directive 2000/60/EC of the
Furopean Parliament and of the Council of 23 October
2000 establishing a framework for Community action in the
field of water policy. Official Journal of the European
Communities. 1.327:1-72, 22.12.2000. {(hup://europa.eu.int/
index.htm)

Fausch, K. D., ). D. Lyons, P. L. Angermeier, and J. R. Karr.
1990. Fish communitics as indicators of environmental degra-
dation. American Fisheries Society Symposium 8:123-144,

Fitzgerald, D. G., R. P. Lanno, and D. G. Dixon. 1999. A
comparison of a sentinel species evaluation using creek chub
(Semotilus  atromaculatus mitchill) to a fish community
evaluation for the initial identification of environmental
stressors in small streams. Ecotoxicology 8:33-48.

Frey, D. G. 1977. Biological integrity, a historical approach.
Pages 127-140 in R. K. Ballentime and L. J. Guarrai,
editors. The integrity of water. Proceedings of a symposium,
10-12 March 1975, 055-001-01068-1. U.S. Environmental
Protection Agency. Office of Water and Hazardous Materi-
als, Washington, D.C., USA.

Frissell, C. A. 1993, Topology of extinction and endangerment
of native fishes in the Pacific Northwest and California
(USA). Conservation Biology 7:342-354.

INVITED FEATURE

Ecological Applications
Vol. 16, No. 4

Ganasan, V., and R. M. Hughes. 1998, Application of an index
of biological integrity (IBI) to fish assemblages of the rivers
Khan and Kshipra (Madhya Pradesh), India. Freshwater
Biology 40:367-383.

Gessner, M. O., and E. Chauvet. 2002, A case for using litter
breakdown to assess functional stream integrity. Ecological
Applications 12:498-510.

Halliwell, D. B., R. W. Langdon. R. A. Daniels, J. P.
Kurtenbach, and R. A. Jacobson. 1998. Classification of
freshwater fish species of the Northeastern United States for
use in the development of indices of biological integrity, with
regional applications. Pages 301-337 in T. P. Simon, cditor.
Assessing the sustainability and biological integrity of water
resources using fish communities. CRC Press, Boca Raton,
Florida, USA.

Harding, J. S., E. F. Benfield, P. V. Bolstad, G. S. Helfman, and
E. B. D. Jones, [I1. 1998. Stream biodiversity: the ghost of
land use past. Proceedings of the National Academy of
Sciences (USA) 95:14843-14847.

Hilsenhoff, W. L. 1987. An improved biotic index of organic
stream pollution. Great Lakes Entomologist 20:31-39.

Holden, P. B., and C. B. Stalnaker. 1975. Distribution and
abundance of mainstem fishes of the middle and upper
Colorado River Basins, 1967-1973. Transactions of the
American Fisheries Society 104:217-231.

Hughes, R. M. 1994, Defining acceptable biological status by
comparing with reference conditions. Pages 31-47 in W. S,
Davis and T. P. Simon, editors. Biological assessment and
criteria: tools for water resource planning and decision
making. CRC Press, Boca Raton, Florida, USA.

Hughes, R. M.. and J. R. Gammon. [987. Longitudinal
changes in fish assemblages and water quality i the
Willamette River, Oregon. Transactions of the American
Fisheries Society 116:196-209,

Hughes, R. M., P. R. Kaufmann, A. T. Herlihy, T. M. Kincaid,
L. Reynolds, and D. P. Larsen. 1998. A process for
developing and evaluating indices of fish assemblage integ-
rity. Canadian Journal of Fisheries and Aquatic Sciences 55:
1618-1631.

Hughes, R. M., D. P. Larsen, and J. M. Omernik. 1986,
Regional reference sites: a method for assessing stream
potential. Environmental Management 10:629-635.

Hughes, R. M., and T. Oberdorff. 1998. Applications of IBI
concepts and metrics to waters outside the United States and
Canada. Pages 79-93 in T. P. Simon, editor. Assessing the
sustainability and biological integrity of water resources
using fish communitics. CRC Press, Boca Raton, Florida.
USA.

Karr, J. R. 1981. Assessment of biotic integrity using fish
communities. Fisheries 6(6):21-27.

Karr, J. R., and E. W. Chu. 2000. Sustaining living rivers.
Hydrobiologia 422:1-14.

Karr, J. R., and D. R. Dudley. 1981. Ecological perspective on
water quality goals. Environmental Management 5:55-68.
Karr. J. R., K. D. Fausch, P. L. Angermeier, P. R, Yant, and L.
J. Schlosser. 1986. Assessing biological integrity in running
waters: 1 method and its rationale. Special Publication 5.
[llinois Natural History Survey, Champaign, Illinois, USA.

Lorentz, C. M., G. M. Van Dijk, A. G. M. Van Hattum, and
W. P. Cofino. 1997. Concepts in river ccology: implications
for indicator development. Regulated Rivers: Research and
Management 13:501-516.

Lubinski, K., and C. Theiling. 1999. Assessments and forecasts
of the ecological health of the Upper Mississippi River
System floodplain reaches. Chapter 2. in K. Lubinski and C.
Theiling, editors. Ecological status and trends of the Upper
Mississippi River System 1998, Report of the Long Term
Resource Monitoring Program, LTRMP 99-T001. United
States Geological Survey, LaCrosse, Wisconsin, USA.

Margalef, R. 1963, On certain unifying principles in ecology.
American Naturalist 97:357-374.



August 2006

Margalef. R. 1981. Stress in ecosystems: a future approach.
Pages 281-289 in G. W. Barrett and R. Rosenberg, editors.
Stress effects on natural ecosystems. John Wiley and Sons,
London, UK.

Martinez, M. E. 1998. What is problem-solving? Phi Delta
Kappan 79:605-610.

Mebane, C. A., T. R. Maret, and R. M. Hughes. 2003. An index
of biological integrity (IBI) for Pacific Northwest rivers.
Transactions of the American Fisheries Society 132:239-261.

Miller, R. R., J. D. Williams, and J. E. Williams. 1989.
Extinctions of North American fishes during the past
century. Fisheries 14(6):2238.

Moyle. P. B. 1986. Fish introductions into North America:
patterns and ecological impact. Pages 27-43 in H. A. Mooney
and J. A. Drake, editors. Ecology of biological invasions of
North America and Hawaii. Springer-Verlag, New York,
New York, USA.

Nehlsen. W J. E. Williams, and J. A. Lichatowich. 1991. Pacific
salmon at the crossroads: stocks at risk from California.
Oregon. Idaho, and Washington. Fisheries 16(2):4-21.

Nilsson, C., A. Ekblad, M. Gardfjell. and B. Carlberg. 1991.
Long-term effects of river regulation on river margin
vegetation. Journal of Applied Ecology 28:968-987.

Odum, E. P. 1985, Trends expected in stressed ecosystems.
BioScience 35:419-422.

Odum. E. P., J. T. Finn, and E. H. Franz. 1979. Perturbation
theory and the subsidy—stress gradient. BioScience 29:349- 352,

Pianka, E. R. 1970. On r- and K-selection. American Naturalist
104:592-597,

Poff, L. N.. and A. D. Huryn. 1998. Multi-scale determinants of
secondary production in Atlantic salmon (Salmo salar)
streams. Canadian Journal of Fisheries and Aquatic Sciences
S5(Supplement 1):201-217.

Rabeni, C. F., S. P. Davies, and K. E. Gibbs, 1988. Benthic
macroinvertebrate response to pollution abatement: struc-
tural changes and functional implications. Water Resources
Bulletin 21:489-497.

Rapport. D. J.. H. A. Regier, and T. C. Hutchinson. 1985,
Ecosystem behavior under stress, American Naturalist 125
617-640.

Richardson. J. S., T. J. Lissimore, M. C. Healey, and T. G.
Northcote. 2000, Fish communities of the lower Fraser River
(Canada) and a 21-year contrast. Environmental Biology of
Fishes 59:125-140.

Schindler, D. W. 1987. Detecting ecosystem responses (o
anthropogenic stress. Canadian Journal of Fisheries and
Aquatic Sciences 44(Supplement 1):6-25.

Shelton, A. D., and K. A. Blocksom. 2004. A review of
biological assessment tools and biocriteria in New England
states. EPA/600/R-04/168. U.S. Environmental Protection
Agency. Cincinnati, Ohio. USA.

Simon. T. P.. editor. 2003. Biological response signatures:
indicator patterns using aquatic communities. CRC Press,
Boca Raton, Florida, USA.

Smith, S. H. 1972. The future of salmonid communities in the
Laurentian Great Lakes. Journal of the Fisheries Research
Board of Canada 29:951-957.

Solimini, A. G.. G. A. Tarallo, and G. Carchini. 1997. Life
history and species composition of the damselfly assemblage
along the urban tract of a river in central haly. Hydro-
biologia 382:63-86.

State of Maine. 2003. Code of Maine Rules 06-096. Chapter
579: “Classification Attainment Evaluation Using Biological
Criteria for Rivers and Streams.” Office of the Secretary of
the State of Maine, Augusta, Maine, USA.

State of Maine. 2004. Maine Revised Statutes Annotated, title
38, sections 463-470. Protection and Improvement of Waters.
Maine State Legislature. West Publishing Company, Saint
Paul, Minnesota. USA. (http://janus.state.me.us/legis/
statutes/38 /title38secd64)

FRESHWATER BIOASSESSMENT

1265

State of Ohio. 2003. Ohio Administrative Code at OAC
Chapter 3745-1. “State of Ohio Water Quality Standards.”
Anderson Publishing, Cincinnatti, Ohio, USA.

Stevenson, R. J.. Y. Pan, and P. Vaithivanathan. 2002,
Ecological assessment and indicator development in wet-
lands: the case of algae in the Everglades, USA. Internatio-
nale Vereinigung fur Theoretische und Andgewandte
Limnologie. Verhandlungen 28:1248-1252.

Stoddard. J. L., D. P. Larsen, C. P. Hawkins, R. K. Johnson,
and R. H. Norris. 2006. Sectting expectations for the
ccological condition of streams: the concept of reference
conditions. Ecological Applications 16:1267-1276.

Troelstrup, N. H., Ir., and G. L. Hergenrader. 1990. Effect of
hydropower peaking flow fluctuations on community struc-
ture and feeding guilds of invertebrates colonizing artificial
substrates in a large impounded river. Hydrobiologia 199:
217-228.

USEPA [U.S. Environmental Protection Agency]. 2000. Mid-
Atlantic Highlands streams assessment. EPA/903/R-00/015.
U.S. Environmental Protection Agency. Washington, D.C_,
USA.

Wallin, M., T. Wiederholm. and R. K. Johnson. 2003.
Guidance on establishing reference conditions and ecological
status class boundaries for inland surface waters. European
Union Common [mplementation Strategy (CIS) for the
Water Framework Directive. Swedish University of Agricul-
tural Sciences, Uppsala, Sweden.

Welsh, H. H., Jr., and L. M. Ollivier. 1998. Stream amphibians
as indicators of ccosystem stress: a case study from
California’s redwoods. Ecological Applications 8:1118-1132.

Whittier, T. R., A. T. Herlihy, and S. M. Pierson. 1995,
Regional susceptibility of Northeast lakes to zebra mussel
invasion. Fisheries 20(6):20-27.

Whittier, T. R, and T. M. Kincaid. 1999. Introduced fish in
Northeastern USA lakes: regional extent, dominance and
cffect on native species richness. Transactions of the
American Fisheries Society 128:769-783,

Witte. I, T. Goldschmidt. J. Wanink, M. Van Oijen, K.
Goudswaard, E. Witte-Maas. and N. Bouton. 1992, The
destruction of an endemic species flock: quantitative data on
the decline of the haplochromine cichlids of Lake Victoria.
Environmental Biology of Fishes 34:1-28.

Yang, J. R., F. R. Pick, and P. B. Hamilton. 1996. Changes in
the planktonic diatom flora of a large mountain lake in
response to fertilization. Journal of Phycology 32:232- 243,

Yoder, C. O.. and E. T. Rankin. 19954. Biological criteria
program development and implementation in Ohio. Pages
109-152 i W. 8. Davis and T. P. Simon. editors. Biological
assessment and criteria: tools for water resource planning
and decision making. CRC Press, Boca Raton, Florida,
USA.

Yoder, C. O., and E. T. Rankin. 1995h. Biological response
signatures and the area of degradation value: new tools for
interpreting multimetric data. Pages 203-280 in W. S. Davis
and T. P. Simon, editors. Biological assessment and criteria:
tools for water resource planning and decision making. CRC
Press. Boca Raton, Florida, USA.

Yuan, L. L., and S. B. Norton. 2003. Comparing the re-
sponses of macroinvertcbrate metrics to increasing stress.
Journal of the North American Benthological Society 22:
J08-322.

Zaroban, D. W., M. P. Mulvey, T. R. Maret. R. M. Hughes,
and G. D. Merritt. 1999, Classification of species attributes
for Pacific Northwest freshwater fishes. Northwest Science
73:81-93.

Zeeb. B. AL, C. E Chnstie. J. P. Smol, D. L. Findlay, H. J.
Kling. and H. J. B. Birks. 1974, Responses of diatom and
chrysophyte assemblages in lake-227 sediments to exper-
imental cutrophication. Canadian Journal of Fisheries and
Aquatic Sciences 51:2300-2311,



Ecological Applications
1266 INVITED FEATURE Vol. 16, No. 4
APPENDIX A
A list of the members of the Tiered Aquatic-Life Use Work Group (Ecological Archives: A016-042-A1).

APPENDIX B
Definitions of terms used in the biological condition gradient (Ecological Archives: A016-042-A2).

APPENDIX C
Description of the six biological condition gradient tiers (Ecological Archives: A016-042-A3).

APPENDIX D
Example of the biological condition gradient using State of Maine data from a cold-waler stream catchment (Ecological
Archives: A016-042-A4),

APPENDIX E

Example of the benthic macroinvertebrate site data used in a U.S. Environmental Protection Agency arid-west regional
biological condition gradient data exercise (Ecological Archives: A016-042-A5).



